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ABSTRACT: Catalytic transfer hydrogenation of ketones and aldehydes is generally
accepted to follow a dehydrogenation−hydrogenation mechanism on copper, which
makes the increased hydrogenation rate and selectivity rather puzzling. Using ﬁrst-
principles microkinetics on a Cu(111) surface, we show that, rather than a
dehydrogenation−hydrogenation mechanism, there is also direct proton transfer
between the sacriﬁcial alcohol and the reacting ketone. The ketone is hydrogenated to
a stable alkoxy intermediate using surface hydrogen. This alkoxy intermediate is
subsequently hydrogenated to the alcohol product via direct proton transfer from the
sacriﬁcial alcohol, also forming a sacriﬁcial alkoxy intermediate. To close the catalytic
cycle, the sacriﬁcial alkoxy species dehydrogenates, forming its corresponding ketone. We also observed a surprising catalytic
eﬀect of molecular hydrogen, which can be explained by the rate-controlling step in transfer hydrogenation: the direct
hydrogenation of the ketone to its alkoxy intermediate by surface hydrogen. Under all realistic reaction conditions, this step has
the highest degree of rate control.
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1. INTRODUCTION
The use of copper-based catalysts for ketone hydrogenation
has steadily increased over the past decade.1−4 In particular,
their superior selectivity in the hydrogenation of aromatic or
unsaturated ketones together with the low material cost make
copper catalysts an attractive alternative to palladium and
platinum.5,6 An intense debate still remains on the reaction
mechanism and nature of the active site(s).7,8 The high activity
and excellent selectivity for C−O over C−C hydrogenation is
frequently attributed to a single, metallic copper site.9,10
However, a synergy between the metal sites and a second
active site is often hypothesized. The second site is proposed
to originate either from a Cu+ species11,12 or from the
support,1,13 either being located directly on the support or at
the metal/support interface.14
In the hydrogenation of ketones, three main pathways can
be distinguished depending on the ﬁrst surface reaction.15−17
When the carbon atom is hydrogenated ﬁrst, a stable alkoxy
intermediate is formed (alkoxy pathway), while a hydroxy-alkyl
species is obtained when the oxygen atom is hydrogenated ﬁrst
(alkyl pathway). Alternatively, via keto−enol tautomerization,
additional pathways open up in which a C−C double bond in
the enol is hydrogenated rather than the carbonyl group.18 For
acetone hydrogenation, we showed that this enol pathway is
not signiﬁcant and the dominant reaction mechanism follows
the alkoxy pathway.19 Hydrogenation of this stable alkoxide is
rate determining and can be facilitated by proton transfer from
surface hydroxyl groups and from adsorbed water molecules,19
similar to CO hydrogenation in Fischer−Tropsch Synthesis on
cobalt20 and to ethanol oxidation on gold.21 This shifts the
rate-controlling step to the regeneration of the water molecules
via hydrogenation of surface hydroxyl species.
The kinetic role of water, i.e., as a source of protons, could in
principle also be fulﬁlled by a sacriﬁcial alcohol. The concept of
transfer hydrogenation is well established in homogeneous
catalysis22 and is emerging in heterogeneous catalysis over
Ni23−25 and Cu26−29 catalysts. Transfer hydrogenation avoids
using molecular hydrogen and can have beneﬁcial eﬀects on
the selectivity in the hydrogenation of aromatic and
unsaturated ketones and aldehydes, as illustrated for furfural.30
In the literature it is often hypothesized that the dominant
mechanism is a coupled dehydrogenation−hydrogenation
mechanism.31−33 In this mechanism, the sacriﬁcial alcohol
dehydrogenates, resulting in its corresponding ketone and
surface hydrogen, which is subsequently used to hydrogenate
the ketone. Hydrogenation of this ketone is hypothesized to be
rate controlling.31 The increased activity is therefore attributed
to a more eﬃcient production of surface hydrogen; however,
the increased hydrogenation selectivity for aromatic and
unsaturated ketones remains puzzling.
In this work, we present a coverage-dependent ﬁrst-
principles microkinetic model to study the reaction mechanism
of catalytic transfer hydrogenation on copper catalysts and
explain the increase in activity observed in experimental
studies. In addition, the eﬀects of hydrogen and water on the
catalytic performance and on the transfer hydrogenation
mechanism are investigated. Acetone hydrogenation by
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isopropanol is selected as a model reaction for transfer
hydrogenation.
2. COMPUTATIONAL DETAILS
Gibbs free energies and thermodynamic parameters were
calculated using the VdW-DF234,35 functional as implemented
in the Vienna ab initio simulation package (VASP)36,37 and a
plane-wave basis set with a cutoﬀ kinetic energy of 400 eV. The
VdW-DF2 functional was selected for its performance in our
previous hydrogenation studies19,38 as well as its accuracy in
the description of CO, CH3O, and CH3OH adsorption on
Cu(111) and Pt(111).39 The selection of the Cu(111) facet as
a surface model was motivated by the general structure
insensitivity of hydrogenation reactions40 and, in particular, of
copper-catalyzed hydrogenations.41−43 The Cu(111) surface
was modeled as a ﬁve-layer slab using a p(4 × 4) unit cell with
an optimized lattice constant of 3.74 Å, which is slightly larger
than the experimental one, 3.62 Å.44 The adsorbates and the
top two layers of the copper slab were relaxed; the bottom
three layers were ﬁxed at bulk positions. A vacuum layer of 15
Å was used to separate the repeated slabs. The Brillouin zone
was sampled with a 3 × 3 × 1 Monkhorst−Pack grid.
Adsorption rate coeﬃcients were determined via collision
theory, assuming a sticking coeﬃcient of 1, while other kinetic
coeﬃcients were determined using transition state theory. The
kinetic coeﬃcients for the hydrogenation and dehydrogenation
steps were adopted from our previous work on acetone
hydrogenation.19 Transition states were located with the
climbing image nudged elastic band (cNEB)45,46 method and
subsequently reﬁned with the dimer47 method. Enthalpies and
entropies for surface intermediates and transition states were
calculated from frequencies for the complete structure. The
enthalpy and entropy for gas-phase molecules were calculated
by combining the electronic energy, the zero-point energy
(ZPE), and contributions from translational, rotational, and
vibrational partition functions.
The kinetic coeﬃcients were combined into a microkinetic
model to simulate an ideal plug ﬂow reactor. Equation 1
describes the mass balances for the gas-phase species and eq 2
the mass balances for the surface intermediates
ρ∂
∂
+ ∂
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C Ri i is bed t w, (1)
θ∂
∂
=
t
Ri iw, (2)
where Ci is the concentration of species i in mol m
−3, us the
superﬁcial velocity in m s−1, ρbed the density of the catalyst bed
in kgcat m
−3, Ct the total site concentration in mol kgcat
−1, and
Rw,i the net formation rate of species i in s
−1. A typical active
site concentration of 1 mmol kgcat
−1 was used.48 The transient
equations were integrated until steady state, instead of directly
Figure 1. Electronic energy proﬁles for the hydrogenation of react-ketone to its corresponding alcohol product on Cu(111) via hydrogen transfer
(A) from the carbon atom of the sac-isopropanol, (B) from the oxygen atom of the sac-isopropanol, (C) from the oxygen atom of the sac-alkyl
intermediate, and (D) from the carbon atom of the sac-alkoxy intermediate. Green line corresponds to the alkyl pathway and blue line to the alkoxy
pathway. Corresponding transition state structures are shown in Figure S2.
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solving the steady-state equations, to ensure smooth
mathematical convergence. The axial reactor coordinate was
discretized using a central diﬀerencing scheme, and the set of
equations was solved using the DASPK49 solver as
implemented in an in-house FORTRAN code.
Simulations with the as-calculated kinetic parameters result
in a surface coverage of over 95% for direct hydrogenation of
ketones, which is inconsistent with the coverage that was used
for calculation of the kinetic parameters, i.e., 1/16 ML.
Simulations for transfer hydrogenation result in surface
coverages below 25% at all investigated operating conditions.
Coverage eﬀects can have a strong eﬀect on the kinetic
parameters and,50,51 as a result, on the simulated catalyst
performance.19,52 To account for coverage eﬀects, we apply the
coverage corrections constructed in our previous work.19 The
details of the coverage corrections are provided in Table S1. In
brief, the destabilization of each species j (to which the
microkinetic model is sensitive) by a dominant surface species
i (with a coverage above 1%) is estimated at diﬀerent
coverages using DFT calculations and subsequently ﬁt to
power law functions.19 A summation of the coverage
corrections for species j by every dominant surface species i
gives the total destabilization of species j, eq 3.
∑δ θ δ θ δ θ{ } = +∀
≠
G G G( ) ( ) ( )j i i j j
i j
n
j i i,intra , ,inter
(3)
Coverage corrections for the transition states were calculated
using a Brønsted−Evans−Polanyi relationship.19
Hydrogen from the sacriﬁcial alcohol can end up either in
the product alcohol stemming from the reactant ketone or in
molecular hydrogen. The selectivity for hydrogen transfer from
the sacriﬁcial alcohol (R3R4CHOH) to the reactant ketone
(R1R2CO), forming the alcohol product (R1R2CHOH), and to
molecular hydrogen are given by eqs 4 and 5, respectively
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where Sprod‑alc is the selectivity toward the alcohol product,
Fprod‑alc the molar ﬂow rate of the alcohol product, Fsac‑alc,in the
sac-alcohol inlet ﬂow rate, Fsac‑alc,out the sacriﬁcial alcohol outlet
ﬂow rate, FH2 the outlet molar ﬂow rate of molecular hydrogen,
and SH2 the hydrogen selectivity.
To quantify the rate-limiting character of elementary
reaction steps, the degree of rate control as deﬁned by
Campbell, eq 6,53 was used
= ∂ ‐∂DRC
ln(TOF )
i
react
E
RT
ketone
iTS,
(6)
where DRCi is the degree of rate control of reaction i,
TOFreact‑ketone the turnover frequency of the react-ketone, T
temperature, and ETS,i the energy of transition state i.
3. RESULTS AND DISCUSSION
Reaction Pathways for Catalytic Transfer Hydro-
genation. Under transfer hydrogenation conditions, several
hydrogenation species are available. The ketone can be
hydrogenated by surface hydrogen produced from dehydro-
genation of the sacriﬁcial alcohol (Figure S1). Alternatively,
hydrogen atoms can be transferred from the sacriﬁcial alcohol
and its dehydrogenation intermediates to the reacting ketone
(Figure 1). An overview of the transition states for all
calculated reactions is shown in Figure S2.
When surface hydrogen is the hydrogenating species, the
stable alkoxy intermediate is formed with a low barrier, see
Figure S1. Subsequent hydrogenation to the alcohol, however,
is highly activated, 132 kJ mol−1. Formation of the unstable
hydroxy-alkyl intermediate, by ﬁrst hydrogenating the oxygen
atom in the ketone, is also highly activated, while reduction of
the hydroxyalkyl species has a low barrier. Hydrogenation of
the oxygen atom is, hence, most activated in both the alkoxy
and the alkyl pathway. In our previous work, we showed that
hydroxyl groups and adsorbed water molecules greatly reduce
these barriers via proton transfer. This shifts the rate-
determining step from the hydrogenation of the stable alkoxy
intermediate to the regeneration of water via direct hydro-
genation of surface hydroxyl species, which has a slightly lower
barrier, 118 kJ mol−1.
Transfer hydrogenation introduces 4 additional hydrogen
sources and 16 additional elementary reactions, see Figure 1.
First, the sacriﬁcial alcohol can transfer one of two hydrogen
atoms directly to the reacting ketone to form, depending on
which hydrogen is transferred, a sac-alkyl or a sac-alkoxy
intermediate. The sac-alkyl and sac-alkoxy intermediates can, in
turn, each transfer a hydrogen to the ketone. All transition
states were calculated for the acetone−isopropanol model
reaction, where acetone is the reacting ketone (react-ketone)
and isopropanol is the sacriﬁcial alcohol (sac-alcohol).
In a ﬁrst set of reactions, the β-hydrogen of the sac-alcohol,
i.e., the H atom bound to the C atom attached to the O atom
of the alcohol, is transferred to the react-ketone (Figure 1A),
forming an unstable sac-hydroxy-alkyl species. The reactions
where the β-hydrogen is transferred from the sacriﬁcial alcohol
are hence much more endothermic. The total reaction
enthalpy, when both steps involve transfer of the β-hydrogen
from sac-alcohol, increases to +190 kJ mol−1, which is
signiﬁcantly higher than hydrogenation with surface hydrogen,
−60 kJ mol−1 (Figure S1). As a result, the hydrogenation
barriers are also signiﬁcantly higher than for direct hydro-
genation, with 139 (TS3) and 204 kJ mol−1 (TS4) for the
alkoxy pathway and 251 (TS1) and 120 kJ mol−1 (TS2) for the
alkyl pathway.
Alternatively, the sac-alcohol can transfer its α-hydrogen to
the react-ketone (Figure 1B), resulting in a stable sac-alkoxy
intermediate. The high stability of this intermediate makes the
overall surface reaction exothermic, −75 kJ mol−1, and the
overall energy proﬁle resembles the proﬁle for proton transfer
from water.19 The barrier for proton transfer to the carbon
atom in the react-ketone (TS6 and TS4) is about 40 kJ mol−1
higher than that for direct hydrogenation, while proton transfer
to the oxygen atom of the react-ketone (TS5 and TS7) is
facilitated signiﬁcantly by more than 30 kJ mol−1. This
supports the hypothesis that a sacriﬁcial alcohol might fulﬁll
the same role as water, i.e., facilitating the hydrogenation of the
oxygen atom via proton transfer.
The intermediates that result from hydrogen transfer from
the sac-alcohol, i.e., the corresponding sac-alkyl and sac-alkoxy
species, have to dehydrogenate or participate in transfer
hydrogenation. When the proton of the sac-alkyl is transferred
to the ketone (Figure 1C), the surface reaction becomes
strongly exothermic, −190 kJ mol−1. This is of course caused
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by the instability of the sac-alkyl species. Hydrogenation of the
oxygen atom in the react-ketone is again facilitated by proton
transfer (TS8 and TS5). Surprisingly, hydrogen transfer to the
carbon atom (TS9 and TS1) is only slightly higher activated
than direct hydrogenation.
Finally, we considered hydrogen transfer from the sac-alkoxy
species (Figure 1D). The high stability of the sac-alkoxy species
results in a slightly endothermic overall reaction, +42 kJ mol−1.
Transfer of the β-hydrogen from the sac-alkoxy to the react-
ketone (TS10) results in a barrier of 86 kJ mol−1, which is
slightly higher than that for hydrogenation, 65 kJ mol−1, and
could be kinetically relevant. Hydrogen transfer from sac-
alkoxy to the react-alkoxy (TS6) has a very high barrier.
Hydrogen transfer to the oxygen atom in the react-ketone
(TS9) and transfer to the react-alkyl also have high barriers.
The calculations in Figure 1 summarize a number of transfer
hydrogenation steps in speciﬁc sequences. In reality, the 8
pathways in Figure 1 will be mixed, and elementary steps from
one pathway will be combined with elementary steps from
other pathways and with direct (de)hydrogenation steps. From
an energetic point of view, proton transfers from the sac-
alcohol (Figure 1B) and from the sac-hydroxy-alkyl (Figure
1C) seem potentially kinetically relevant steps. As such, the
sacriﬁcial alcohol would fulﬁll a role similar to water, i.e.,
removal of the stable react-alkoxy intermediate via proton
transfer. The contribution of each of the reaction steps,
however, will strongly depend on the coverage of each species
and on the activation entropy contributions. The kinetics will
be complex, since the sac-alkoxy formed by proton transfer to
the react-ketone must either be hydrogenated back to the
corresponding sac-alcohol or convert to the sac-ketone via an
additional dehydrogenation step. Therefore, to identify the
dominant transfer hydrogenation mechanism, microkinetic
modeling is required.
Table 1. Pre-Exponential Factors, Activation Enthalpies, and Rate Coeﬃcients at 200 °C for the Surface Reactions in the
Microkinetic Model As Determined via Transition State Theorya
reaction A+ (s−1) Ea
+ (kJ mol−1) A− (s−1) Ea
− (kJ mol−1) k+ (s
−1) k− (s
−1)
direct (de)hydrogenation19
* + * ⇋ * + *R R CO H R R CHOi j i j 6.5 × 1010 62 9.6 × 1012 131 9.2 × 103 3.5 × 10−2
RiRjCHO* + H* ⇋ RiRjCHOH* + * 2.8 × 1013 133 4.1 × 1012 124 6.5 × 10−2 7.9 × 10−3
* + * ⇋ * + *R R CO H R R COHi j i j 6.2 × 1012 112 1.8 × 1015 48 2.8 1.0 × 1010
* + * ⇋ * + *R R COH H R R CHOHi j i j 3.1 × 1014 46 2.2 × 1012 171 2.4 × 109 3.1 × 10−7
(de)hydrogenation via proton transfer from water19
RiRjCO* + OH* ⇋ RiRjCOH* + O* 6.5 × 108 99 1.9 × 1014 0 7.4 × 10−3 1.9 × 1014
RiRjCO* + H2O* ⇋ RiRjCOH* + OH* 1.5 × 107 73 4.3 × 1012 14 1.2 × 10−1 1.3 × 1011
* + * ⇋ * + *R R CHO OH R R CHOH Oi j i j 1.9 × 1012 67 1.0 × 1011 2 6.9 × 104 6.0 × 1010
RiRjCHO* + H2O* ⇋ RiRjCHOH* + OH* 7.4 × 1010 19 2.5 × 1012 16 1.2 × 108 4.6 × 109
transfer hydrogenation reactions
R1R2CO* + R3R4CHOH* ⇌ R1R2COH* + R3R4COH* 4.4 × 1010 250 1.8 × 1013 62 9.8 × 10−18 2.8 × 106
* + * * + *FRR R CO R CHOH R R COH R R CHO1 2 3 4 1 2 3 4 9.6 × 107 66 2.0 × 1012 10 5.3 × 10° 1.6 × 1011
R1R2CO* + R3R4CHOH* ⇌ R1R2CHO* + R3R4COH* 1.6 × 108 134 3.3 × 1012 78 2.8 × 10−7 8.4 × 103
* + * * + *FR R CO R R CHOH R R CHO R R CHO1 2 3 4 1 2 3 4 1.5 × 108 96 1.7 × 1012 173 4.6 × 10−3 1.4 × 10−7
R1R2CO* + R3R4COH* ⇌ R1R2COH* + R3R4CO* 9.9 × 1012 5 9.9 × 1012 5 2.8 × 1012 2.8 × 1012
* + * * + *FR R CO R R COH R R CHO R R CO1 2 3 4 1 2 3 4 3.6 × 109 77 1.8 × 109 209 1.3 × 101 1.4 × 10−14
* + * * + *FR R CO R R CHO R R CHO R R CO1 2 3 4 1 2 3 4 1.0 × 109 82 1.0 × 109 82 8.6 × 10−1 8.6 × 10−1
* + * * + *FR R COH R R COH R R CHOH R R CO1 2 3 4 1 2 3 4 1.8 × 1013 62 4.4 × 1010 250 2.8 × 106 9.8 × 10−18
* + * * + *FR R COH R R CHO R R CHOH R R CO1 2 3 4 1 2 3 4 3.3 × 1012 78 1.6 × 108 134 8.4 × 103 2.8 × 10−7
R1R2COH* + R3R4CO* ⇌ R1R2CO* + R3R4CHO* 3.6 × 109 77 1.8 × 109 209 1.3 × 101 1.4 × 10−14
* + * * + *FR R COH R R CHOH R R CHOH R R CHO1 2 3 4 1 2 3 4 4.6 × 1011 70 2.3 × 1011 203 8.7 × 103 9.1 × 10−12
* + * * + *FR R COH R R CHOH R R CHOH R R COH1 2 3 4 1 2 3 4 3.7 × 1013 120 3.7 × 1013 120 1.8 × 10° 1.8 × 10°
* + * * + *FR R CHO R R COH R R CHOH R R CO1 2 3 4 1 2 3 4 2.0 × 1012 10 9.6 × 107 66 1.6 × 1011 5.3 × 10°
R1R2CHO* + R3R4CHO* ⇌ R1R2CHOH* + R3R4CO* 1.7 × 1012 173 1.5 × 108 96 1.4 × 10−7 4.6 × 10−3
* + * * + *FR R CHO R R CHOH R R CHOH R R CHO1 2 3 4 1 2 3 4 4.3 × 1010 19 4.3 × 1010 19 3.4 × 108 3.4 × 108
R1R2CHO* + R3R4CHOH* ⇌ R1R2CHOH* + R3R4COH* 2.3 × 1011 203 4.6 × 1011 70 9.1 × 10−12 8.7 × 103
regeneration of the adsorbed hydroxyl/water species19
* + * ⇋ * + *OH H H O2 4.1 × 1010 125 4.2 × 1013 130 6.6 × 10−4 2.0 × 10−1
* + * ⇋ *H O O 2OH2 1.8 × 109 0.3 2.9 × 1012 60 1.8 × 109 7.6 × 105
* + * ⇋ * + *H O OH 1.9 × 1013 118 5.1 × 1012 175 1.6 × 100 2.4 × 10−7
aKinetic coeﬃcients for direct (de)hydrogenation and for proton transfer from water were taken from our previous study on acetone
hydrogenation;19 kinetic coeﬃcients for transfer hydrogenation were calculated via transition state theory.
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Construction of a Microkinetic Model. On the basis of
the elementary steps in Figure S1 and Figure 1 and including
proton transfer steps from water,19 a microkinetic model was
constructed. An overview of the adsorption and desorption
rate coeﬃcients is given in Table S1.
An overview of the kinetic coeﬃcients for the surface
reactions in the full microkinetic model, including direct
(de)hydrogenation steps and proton transfer from water and
surface hydroxyl, is given in Table 1. The eﬀect of tunneling on
the rate coeﬃcients is very limited, see Table S3 and Figure S7,
and it is therefore not included in the model. The pre-
exponential factors for the direct (de)hydrogenation steps are
close to the typical value of 1012−1013 s−1, while the pre-
exponential factors for transfer hydrogenation reactions range
from 107 to 1013 s−1. Proton transfer from an alcohol follows
the same trend as proton transfer from water, with a higher
activation entropy penalty for transfer to the mobile ketone
than to the less mobile surface alkoxide. This results in a
signiﬁcant diﬀerence in pre-exponential factor of 108 s−1
compared to 1010 s−1, respectively. Hydrogen transfer from
and to carbon atoms generally has a pre-exponential factor
between 109 and 1012 s−1; the highest activation entropy
penalty corresponds to hydrogen transfer to the mobile ketone.
Since the same species are involved, the coverage correction
factors obtained previously for acetone hydrogenation could be
used,19 Table S2.
Transfer Hydrogenation Simulations with the Cover-
age-Dependent Microkinetic Model. For typical hydro-
genation conditions (a diﬀerential ketone conversion of 2%, a
react-ketone:sac-alcohol molar ratio of 1, 5.0 MPa, and 200 °C)
the coverage-dependent microkinetic model predicts a turn-
over frequency (TOF) of 5.4 × 10−4 s−1, which is close to the
experimentally reported range, 10−4−10−2 s−1,29 and slightly
higher than the TOF calculated for direct hydrogenation under
wet conditions (a H2:react-ketone:H2O molar ratio of 1:1:1
and 7.5 MPa) of 4.4 × 10−4 s−1. Under dry conditions (a
H2:react-ketone molar ratio of 1 and 5 MPa) the TOF amounts
to 5.7 × 10−5 s−1. This indicates that there is a shift in the rate-
Figure 2. (A) Eﬀect of temperature on the dominant surface species: hydrogen (orange), react-alkoxy (green), sac-alkoxy (red), sac-alcohol (blue),
and empty sites (purple). (B) Eﬀect of temperature on the sac-alcohol selectivity toward hydrogen (orange) and toward react-alcohol (green).
Conditions: Xreact‑ketone = 2%, preact‑ketone = psac‑alcohol = 2.5 MPa.
Figure 3. Reaction path analysis for the hydrogenation of the react-ketone (R1R2CO, green) and dehydrogenation of sac-alcohol (R3R4CHOH,
blue) via transfer hydrogenation. Numbers indicate the fraction of each component consumed in a particular reaction step. Conditions: T = 200 °C,
Xreact‑ketone = 2%, preact‑ketone = psac‑alcohol = 2.5 MPa. Diagrams for other temperatures are shown in Figure S3.
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controlling step(s) when a sac-alcohol is introduced. If a
dehydrogenation−hydrogenation mechanism were operational,
a much smaller eﬀect on the TOF would be expected. For the
transfer hydrogenation kinetic model, the eﬀect of temperature
on the surface coverages is shown in Figure 2A, conﬁrming
that the surface is mainly empty over a wide temperature range.
The sac-alcohol coverage (R3R4CHOH*) decreases in line
with the shift in adsorption equilibrium. The react-
(R1R2CHO*) and sac-alkoxy (R3R4CHO*) coverages are
also non-negligible but much lower than the alkoxy coverage
for dry and wet direct hydrogenation.
Interestingly, the hydrogen coverage is lower than for the
hydrogenation with molecular hydrogen simulations and
increases with temperature. The lower coverage indicates a
less eﬃcient production of surface hydrogen and thus
invalidates the proposed dehydrogenation−hydrogenation
mechanism. The increase with temperature suggests that
hydrogen is formed in a rate-controlling step.
Transfer hydrogenation is not 100% selective, i.e., part of the
hydrogen provided by the sac-alcohol ends up as molecular
hydrogen, see Figure 2B. The production of hydrogen is
sometimes cited as an indication of the dehydrogenation−
hydrogenation mechanism.31−33 Unfortunately, experimental
information on the hydrogen selectivity and surface
intermediates is not available in the literature to compare to
our model results. The selectivity toward hydrogen gradually
increases with temperature because the activation energy for
hydrogen recombination, 84 kJ mol−1, is slightly higher than
the activation energy for the dominant hydrogen consumption
reaction, the hydrogenation of the react-ketone to the react-
alkoxy, 62 kJ mol−1. To appreciate the complexity of the
transfer hydrogenation mechanism, a reaction path analysis
was performed, Figure 3.
At 200 °C, the conversion of the react-ketone (green arrows)
is dominated by a sequence of two steps: hydrogenation by
surface hydrogen to the react-alkoxy (R1), followed by proton
transfer from the sac-alcohol (R2). This sequence is similar to
ketone hydrogenation under wet conditions.19 At 200 °C,
hydrogenation of the react-ketone by surface hydrogen has the
highest DRC, 0.65 (Figure 4B). Interestingly, hydrogen
transfer between the sac-alkoxy and the react-ketone (R6) is
kinetically competitive. Though the barrier for this step, 82 kJ
mol−1, is higher than the barrier for direct hydrogenation, 62 kJ
mol−1, the higher sac-alkoxy surface coverage compensates for
the lower rate coeﬃcient. At 100 °C, hydrogen transfer even
becomes the dominant route (Figure S3), driven by the
decrease in hydrogen coverage (Figure 2A), and this step
becomes rate controlling (Figure 4B).
Surface hydrogen is mainly produced by dehydrogenation of
the sac-alkoxy species (R3). Alternatively, surface hydrogen is
also produced via a react-alkyl cycle (R4−R5), i.e., proton
transfer from the sac-alcohol to react-ketone (R4) to form an
unstable react-alkyl intermediate, which quickly and quantita-
tively dehydrogenates to react-ketone and surface hydrogen
(R5). The majority of surface hydrogen is consumed in the
hydrogenation of react-ketone to react-alkoxy (R1), the
reaction with the highest degree of rate control, while the
remaining surface hydrogen desorbs as molecular hydrogen.
The changes in degree of rate control with temperature are
also reﬂected in the changes in the sac-alcohol reaction order
and in the eﬀective activation energy, Figure 4A. Between 100
and 300 °C, the reaction order in the sac-alcohol increases
from −0.4 to +0.3, in line with the change in coverage and the
shift in rate-controlling steps, while the react-ketone reaction
order slightly decreases from 1.0 to 0.8. Above 200 °C, the
react-ketone order is rather constant because the increase in
degree of rate control (DRC) for direct hydrogenation is
compensated by the decrease in DRC for hydrogen transfer
from the sac-alkoxy. The sac-alcohol order gradually increases,
due to the increasing DRC for sac-alkoxy dehydrogenation.
The eﬀective activation energy increases from 87 kJ mol−1 at
100 °C to 120 kJ mol−1 at 200 °C, conﬁrming the shift in the
dominant mechanism from hydrogen transfer between sac-
alkoxy and react-ketone to direct hydrogenation of react-
ketone. Above 200 °C, the eﬀective activation energy is
constant, consistent with the absence of changes in the
reaction mechanism.
As expected, the hydrogen coverage increases with the sac-
alcohol:react-ketone ratio (Figure S4A), and as a result, the
hydrogen selectivity increases (Figure S4B). The higher
hydrogen coverage results from the higher alcohol coverage,
which increases the contribution of the react-alkyl cycle, which
is responsible for the net production of surface hydrogen
(Figure S5).
When water is added to the react-ketone-sac-alcohol mixture,
the catalytic eﬀect of water19 is no longer present. The
hydrogen selectivity is constant as a function of the water-to-
ketone ratio, while the TOF slightly decreases because of a
Figure 4. (A) Eﬀect of temperature on the react-ketone (green) and sac-alcohol (blue) reaction order and on the eﬀective activation energy and (B)
on the degree of rate control for direct hydrogenation of the react-ketone (R1, green), direct dehydrogenation of the sac-alkoxy (R3, blue), proton
transfer from the sac-alcohol to the oxygen atom of the react-ketone (R6, purple), and hydrogen transfer from the sac-alcohol to the react-ketone
(R4, red). Conditions: Xreact‑ketone = 2%, preact‑ketone = psac‑alcohol = 25 bar.
ACS Catalysis Research Article
DOI: 10.1021/acscatal.9b01759
ACS Catal. 2019, 9, 8073−8082
8078
slight reduction in the number of free sites (Figure S6).
Mechanistically, the presence of water opens up an additional
pathway: hydrogenation of the react-alkoxy via proton transfer
from adsorbed water molecules. This step is, however, perfectly
balanced by proton transfer from sac-alcohol to the resulting
surface hydroxyl; for each adsorbed water molecule that
transfer its proton to a react-alkoxy species, a sac-alcohol will
transfer its proton to the resulting hydroxyl species,
regenerating the adsorbed water molecule. Since both steps
are quasi-equilibrated (DRC < 0.01), there is no kinetic eﬀect
of water.
Autocatalytic Role of Molecular Hydrogen. Even
though hydrogen is produced during the transfer hydro-
genation reaction, the addition of molecular hydrogen shows a
Figure 5. (A) Turnover frequency for ketone hydrogenation in the presence of a sacriﬁcial alcohol (blue) and hydrogen selectivity (green) as a
function of the H2:react-ketone molar ratio with a sac-alcohol:react-ketone molar ratio of 1. (B) Eﬀect of the H2:react-ketone molar ratio on the
coverage of the dominant surface species (A): hydrogen (orange), react-alkoxy (green), sac-alkoxy (red), sac-alcohol (blue), and empty sites
(purple). (C) Eﬀect of the react-ketone conversion on the turnover frequency and H2:react-ketone molar ratio in the absence of an external
molecular hydrogen feed. Conditions: T = 200 °C, Xreact‑ketone = 2%, preact‑ketone = 2.5 MPa, react-ketone:sac-alcohol = 1:1
Figure 6. Reaction path analysis for the hydrogenation of ketone (R1R2CO) and dehydrogenation of alcohol (R3R4CHOH) via transfer
hydrogenation. Numbers indicate the fraction of each component consumed in the particular reaction step. Dotted arrows indicate reaction steps
that are insigniﬁcant, i.e., a fraction below 0.5%. Conditions: T = 200 °C, Xreact‑ketone = 2%, react-ketone:sac-alcohol:H2 = 1:1:0.1, ptot = 5.25 MPa.
ACS Catalysis Research Article
DOI: 10.1021/acscatal.9b01759
ACS Catal. 2019, 9, 8073−8082
8079
strong catalytic eﬀect, Figure 5A. The addition of even a small
amount of molecular hydrogen (H2:react-ketone ratio of 0.1)
dramatically increases the TOF (Figure 5A). The hydrogen
partial pressure results in a higher hydrogen coverage, see
Figure 5B. Since the barrier for hydrogen desorption is lower
than the barrier for react-ketone hydrogenation, the increase in
hydrogen coverage is governed by thermodynamics. The
increase in hydrogen coverage increases the rate of the
hydrogenation of the react-ketone, the step with the highest
DRC (see below), and the increase in the TOF is proportional
to the increase in the hydrogen coverage.
As a result of the autocatalytic role of H2 and the signiﬁcant
selectivity toward H2 at these conditions (Figure 2B), 13%, the
TOF also gradually increases as a function of the react-ketone
conversion (Figure 5C). At a conversion of 20%, the TOF
reaches a maximum and subsequently begins to decrease due
to thermodynamic limitations of the transfer hydrogenation.
Comparison with Figure 5A thus shows that an external
hydrogen source has a stronger eﬀect because there are no
thermodynamic limitations under those conditions.
As mentioned previously, due to the higher barrier for react-
ketone hydrogenation than for hydrogen recombination,
transfer hydrogenation is not 100% selective in the absence
of molecular hydrogen. However, when a small amount of
molecular hydrogen is fed to the reactor (H2:react-ketone >
0.08), no net production of hydrogen is observed, see Figure
5A. There is also no net consumption hydrogen due to the
high barrier of direct alkoxy hydrogenation, 133 kJ mol−1, and
the very low TOF for direct hydrogenation, 6 × 10−5 s−1,
almost 2 orders of magnitude lower than the TOF for transfer
hydrogenation with a H2:react-ketone of 0.08.
Our analysis is nicely reﬂected in a reaction path analysis for
a H2:react-ketone ratio of 0.1, see Figure 6. The competition
between the two react-ketone hydrogenation pathways,
observed in Figure 3, is less signiﬁcant, and the react-ketone
is nearly quantitatively hydrogenated to the react-alkoxy with
surface hydrogen and subsequently reduced via proton transfer
from the sac-alcohol. The irrelevance of a react-alkyl cycle,
which was responsible for net hydrogen production, explains
why the hydrogen transfer reaction is 100% selective in the
presence of gas-phase hydrogen. The rate of hydrogen
production by dehydrogenation of the sac-alkoxy (R3) is
matched exactly by the rate of hydrogen consumption by
hydrogenation of the react-ketone (R1). The sac-alkoxy
dehydrogenation reaction is hence the second rate-controlling
step with a DRC of 0.4 (Figure 7). At very high hydrogen-to-
ketone molar ratios (>100), the DRC of the sac-alkoxy
dehydrogenation step surpasses the DRC of the react-ketone
hydrogenation and the H2 reaction order drops below 0,
removing the catalytic eﬀect of hydrogen. At this point, the
high hydrogen coverage limits the number of empty sites,
limiting the dehydrogenation rate.
4. CONCLUSIONS
A ﬁrst-principles microkinetic model was developed for the
copper-catalyzed transfer hydrogenation between a sacriﬁcial
alcohol and a ketone. Reaction path analysis shows that, rather
than the widely accepted dehydrogenation−hydrogenation
mechanism, the catalytic transfer hydrogenation mechanism
involves direct proton transfer between the sacriﬁcial alcohol
and the ketone. In this mechanism, the ﬁrst hydrogenation step
of the ketone is the most rate controlling. Competition
between hydrogenation of the react-ketone and hydrogen
desorption results in a signiﬁcant hydrogen selectivity, which
increases with temperature.
When molecular hydrogen is added to the feed or formed
during reaction it shows a surprising catalytic eﬀect that can be
explained by the rate-controlling step, i.e., the ﬁrst ketone
hydrogenation. No molecular hydrogen is consumed or
produced while molecular hydrogen is added to the feed,
and the transfer hydrogenation reaction becomes 100%
selective.
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